Abstract-A new method for non-intrusive estimation of the depth of buried radioactive waste have been developed. The method is based on an approximate three-dimensional relative attenuation model that exploits the variation in the intensities of the radiation image obtained on the surface of the material in which the radioactive source is buried. Experimental results using an organic liquid scintillator detector showed that the method is able to estimate the depth of a 329 kBq Cs-137 radioactive point source buried up to 12 cm in sand.
I. INTRODUCTION
Real-time non-intrusive depth estimation of buried radioactive waste is often desirable due to the problems of generation of secondary wastes and increased dosage risks associated with traditional methods such as core sampling and logging. However, existing non-intrusive depth estimation methods such as [1] , [2] are limited to depths of less than 3 cm or are based on empirical models. Therefore, this research presents a new non-intrusive depth estimation method based on an approximate three-dimensional (3D) linear attenuation model with improved depth estimation capability compared to the aforementioned methods.
II. METHODOLOGY

A. The approximate 3D linear attenuation model
For a radioactive source S buried at depth z inside a material volume as shown in Figure 1 , the ratio of the intensity I (x,y,z) measured at any position on the surface of the material (i.e. x-y plane) to that measured at (x,y) = (0,0) is given by:
where
, µ = linear attenuation coefficient,
. Equation 1 is the approximate 3D linear attenuation model. It can be observed that the depth of the radioactive source can be estimated from the gradient of The setup for the experiment used to validate (1) is shown in Figure 2 . It consists of a sandbox made of Perspex in which a sealed Cs-137 (329 kBq) point source was buried. The source was attached to one end of a graduated pipe whose other end protrudes behind the sandbox and was used to adjust the distance of the source from the scanning surface (i.e. along the z-axis). The detector used in the experiment is an organic liquid scintillator (EJ-301) which was connected to a multichannel analyser. Furthermore, the detector was placed inside a hollow cylindrical tungsten collimator whose inner radius is approximately 4 cm. In addition, the surface of the sandbox was divided into 4 × 4 cm 2 grids to correspond to the inner radius of the collimator. During the experiment, the position of the point source was varied along the z-axis from 2 cm to 14 cm at 2 cm intervals. At each position, the spectrum of the buried source was acquired from 49 grids resulting in a total scan area of 28 × 28 cm 2 . Finally, the acquisition time was 10 minutes per grid. Figure 3 shows the normalised 2D radiation images of photons from the Compton peak region (top row) and corresponding graph of the model (bottom row) when the Cs-137 source was buried at depths of 2 cm and 10 cm respectively. Photons from the Compton peak were used because the gamma spectrum from the EJ-301 detector is limited to the Compton continuum. It can be observed that the intensity of the source in the radiation images becomes increasingly defocussed as the depth increases. This is due to increasing scattering of the photons from the source by the sand matrix. Furthermore, as predicted by the model, a negative linear trend can be observed in the model graphs (i.e. Figure 3 bottom row) . Therefore, a linear polynomial was fitted to the data to estimate the depth. However, a slight dip can be observed at 12 cm. This is likely due to experimental error. A sharp deviation of the estimated depth from the real depth can be observed beyond 12 cm. This is as a result of significant attenuation of the gamma rays resulting in large errors in the estimated depth. Finally, Figure 5 shows that there is good linear fit between the real and estimated depth up to 12 cm which is a significant improvement compared to the techniques reported in [1] , [2] . IV. CONCLUSION A new method for non-intrusive depth estimation of buried radioactive wastes have been presented. Experimental validation of the method showed that it is able to estimate depth of a Cs-137 point source buried up to 12 cm in sand. Therefore, the new method will be particularly useful for realtime characterisation of concrete and shallow underground contamination (e.g. leaks from underground pipelines used to transport liquid wastes) during decommissioning.
III. RESULTS AND DISCUSSIONS
